In this paper, the structural, electronic, mechanical and optical properties of Antimonene/Bismuthene Van-der Waals heterostructure (Sb/Bi HS) were calculated based on the first principle density functional theory. We explored different stacks of Sb/Bi HS to find the most, and the least stable staking for this heterostructure. At the GGA level of theory, the most stable model is a semiconductor with an indirect bandgap of 159 meV. However, when the spin-orbit (SO) interaction is considered, the VBM and CBM touch the Fermi level and the HS becomes a semimetal. Our results also show that the electronic properties of the HS are robust against the external electric field and biaxial strain. Young's modulus was calculated of 64.3 N/m which predicts this HS as a resistant material against being stretched or compressed. The calculated optical properties, similar to monolayer Antimonene, are completely dependent on the polarization of incident light and differ when parallel or perpendicular polarization is considered. Moreover, the absorption coefficient of Sb/Bi HS for perpendicular polarization in the visible region is significantly increased in comparison with the monolayer Antimonene. High structural stability, electronic and mechanical robustness against electric field and strain, along with polarization-dependent optical properties of this HS, promise for its applications in beam splitters and nano-scale mirrors.
Introduction
Two dimensional (2D) materials, due to their unique properties, such as high carrier mobility [1] , superior mechanical characteristics [2] , and high ratio between their lateral size (1-1000 µm) and thickness (< 1nm) [3] have attracted a great deal of attention in the last decade, and annually this attraction becomes even greater. The discovery of Graphene and its unique properties in 2004 [4] , opened a road to new investigations and observations in 2D materials because, before that, it assumed that 2D materials are thermodynamically unstable [5] . After that, several types of 2D materials theoretically investigated, and/or experimentally exfoliated, including hexagonal boron nitride, Transition metal dichalcogenides, perovskites, and other elemental 2D materials such as group IV and V monolayers [6] [7] [8] [9] [10] [11] [12] [13] . Because of various applications, such as sensors [14] , field effect transistors [15] , light-emitting diodes [16] , solar cells [17] , and energy-conserving devices [18] in nano-scale size, the research interest in 2D materials remains attractive for many years.
Antimonene and Bismuthene, from group V elemental monolayers, are relatively novel members of 2D materials which their electronic, mechanical and optical properties have been investigated in numerous experimental and theoretical studies in recent years [19] [20] [21] [22] [23] [24] [25] . The studies imply that these two monolayers are both stable in β (buckled hexagonal) phase and predict an indirect bandgap for Antimonene and a direct narrow bandgap for Bismuthene. Besides, it is predicted that the electronic properties of Antimonene are sensitive to strain and it is possible to tune its bandgap in this way. Wang et al. predicted that by applying a tensile biaxial strain of 5% the bandgap of Antimonene becomes direct and increases to its maximum value [19] .
On the other hand, nowadays designing and investigating the Van-der Waals heterostructures has turned into an interesting method for broadening the scope of research in the field of 2D materials. Scientists can simply predict and/or observe very interesting properties by combining already discovered materials, not discovering new ones. For instance, Lu et al. by designing heterostructures of Antimonene and three 2D materials (Graphene, Arsenene, and h-BN), could predict heterostructures with tunable bandgaps between 0 to 1 eV which have potential applications in near and mid-infrared detectors [26] . Meng et al. reported that one can enhance the efficiency of MoS 2 based solar cells, by 5.23%, using a MoS 2 /Si heterostructure [27] . Also Chen et al. predicted the opening of a direct and tunable bandgap of 400 meV in Germanene, by designing an Antimonene/Germanene Van-der Waals heterostructure [28] .
Our purpose in this study is to apply a tensile strain of 5% to the Antimonene, by designing an Antimonene/Bismuthene Van-der Waals heterostructure. One of the natural methods for applying a biaxial strain is to form a material on a substrate with a different lattice constant. If the substrate lattice constant is larger or smaller than the superstrate, a tensile or compressive strain applies to the latter, respectively. Reviewing the literature, it raises that the lattice constant for Bismuthene is ∼5% larger than Antimonene's. Therefore, by the case of forming an Sb/Bi HS, with fixed Bismuthene substrate, a tensile strain of about 5% would be applied to the Antimonene superstrate. In this paper, we intend to probe if it is theoretically possible to design a stable Van-der Waals heterostructure with such mismatching monolayers. After investigating the structural characteristics and testing the stability, we look into the electronic, mechanical and optical properties of Sb/Bi HS and discuss its potential applications.
Computational Details
For all the simulations, the Spanish package solution, SIESTA [29] was employed which is based on self-consistent density functional theory (DFT) and standard pseudopotentials. The exchange-correlation interactions were estimated through generalized gradient approximation (GGA), with parametrization of Perdew, Burke, and Ernzerhof (PBE) [30] . For the electronic and optical properties of the heterostructures, the spinorbit coupling (SOC) was also considered in addition to GGA (SOGGA). In all the calculations, the reciprocal space was sampled by a mesh of 31×31×1 k points in the Brillouin zone and the density mesh cut-off was set on 100 Ha. For considering the Van-der Waals interactions between layers, the DFT-D2 correction of Grimme [31] was used. A vacuum space of 20 Å was considered in the z-direction to prevent unwanted interactions. Besides, all the pristine structures were relaxed to a force and stress of 0.001 eV/Å and 0.001 GPa, respectively, but in the strain related investigations the minimization of stress was canceled.
Results and Discussion

Monolayer Antimonene and Bismuthene
Our quest in this part is not for expressing a novel and independent assessment about these monolayers, but only for validating our methods, and verifying prior studies. However, before bringing up the discussion about Sb/Bi HS, it is needed to investigate and review the properties of each monolayer separately. The pristine structures of Antimonene and Bismuthene are buckled hexagonal, where the atoms are seen like a hexagon from the top view, but they are not in the same plane plane, that is, the bonding atoms have a distance with each other in the zdirection, called "buckling" (Fig.1 ). Previous studies have calculated the lattice constant from 3.94 to 4.12 Å for Antimonene [7, 19, 20] and 4.30 to 4.39 Å for Bismuthene [32] [33] [34] . We calculated the Antimonene and Bismuthene lattice constants as 4.06 and 4.26 Å, respectively. Regarding the variety of approximations, basis sets, pseudopotentials and code packages, this order of difference in results is inevitable, thus we assess our calculations rational and reliable.
The structures were relaxed and their cohesive energies were calculated with the equation below,
where, E sheet is the total energy of each monolayer, and E atom is the energy of each isolated Sb or Bi atoms considering spin Table 1 , which are in a good agreement with the literature. Fig.2 represents the band structures and partial density of states related to both monolayers in the pristine configurations. The band structures show a direct bandgap of 847 meV for Bismuthene and an indirect bandgap of 1.24 eV for Antimonene. The density of states represent that in both monolayers, the p orbitals are most responsible for electronic properties, and the s and d orbitals do not have any significant contribution.
As mentioned above, previous studies have noted that electronic properties of Antimonene are sensitive to strain and an indirect to direct transition would occur under the tensile biaxial strain of 5% [19, 36] . Because our purpose in this study is to probe the behavior of Antimonene under substrate generated strain, we also investigated the effect of strain to have a comprehensive review, and re-test our computational method. The biaxial strain is defined by the equation below,
where a 0 and a are lattice constants in pristine and strained structures, respectively. Our results show that with short biaxial tensile strain (<4%) the bandgap of Antimonene increases. It reaches to the maximum value of 1.58 eV under the strain of 4%, and an indirect to direct transition occurs at this point. After that the bandgap decreases softly and finally under the strain of 14% it is closed and the material turns into a semimetal (Figs. 3 and 4). The behavior we predict agrees with the previous reports. Good agreement of our results about the monolayers with the literature, especially the prediction of the indirect to direct transition, makes us to trust our method and gain sufficient motivation to continue our investigations.
Structural Properties of Antimonene/Bismuthene Heterostructure
As mentioned above, the lattice constants for Antimonene and Bismuthene are 4.06 and 4.26 Å, respectively. Therefore, these two monolayers have a mismatch of 4.93% with each other. In this study, we considered the Bi layer as a fixed substrate and let the Sb layer to relax on it. Therefore a tensile strain of 4.93% applies to the latter. We predicted four possible models for the HS. AAi, AAii, ABi, and ABii. 
where, E HS is the energy of the heterostructure, and E S b , E Bi are energies of Sb and Bi layers, respectively. The largest and the smallest absolute value of cohesive energy belongs to ABi (-175 meV/atom) and AAii (-112 meV/atom) models, respectively, therefore, in terms of cohesive Energy, the ABi and AAii stackings are the most and the least stable models. According to Table 2 , the shortest inter-layer distance (d) belongs to the ABi (2.48 Å) and the longest one is for AAii (3.92Å) models, respectively. The shorter inter-layer distance means that the interactions and forces are more intense between the layers and they tend to attract each other more. Therefore the ABi model turns out more favorable in this case too. Also, The calculated band structure for Sb/Bi HS (Fig.7) shows that this material is a semiconductor with an indirect bandgap of 159 meV at GGA and a semimetal at GGA+SOC (SOGGA) level of theory. According to the heavy atoms consisting the HS, especially Bismuth, the determinant influence of SOC interactions are expectable. Generally, considering the SOC effect is important in structures with heavy elements [37] , but little and neglectable for lighter ones [38] . As we know, considering the SOC eliminates the energy degeneration and assets the electronic properties more precisely. Therefore, it is expected that in case of potential experimental research, the results would be more close to our SOGGA solutions. Therefore, in all of our electronic and optical calculations, we continued at the SOGGA level of theory.
It can be seen from the atom projected density of states ( Fig.7b ) that in the valance band the contribution of Bi atoms is slightly higher than Sb ones but in the conduction band, they play the same role in the electronic properties. Besides, the orbital projected density of states ( Fig.7c ) represents that the contribution of p orbitals is determinant and other orbitals have neglectable roles. Considering that both consisting elements are in group V, the influence of p orbitals is natural. Within the whole showed range in the conduction band, and near the Fermi level in the valance band, the Sb and Bi p orbitals have a superposition, therefore the mechanism in which the layers connect to each other may be through orbital hybridization. There are similar reports about the superposition of orbital projected density of states in Van-der Waals heterostructures, and exis-tence of orbital hybridization between the layers; such as Antimonene/Arsenene and Antimonene/Germanene [26, 28] .
To have further insight into the electronic properties of the HS, we calculated the electron density and electron localization function (ELF) [39, 40] (Fig.8) . Electron density can bring information about how electrons are distributed in the lattice, and ELF allows evaluating the chemical interactions from the charge localization between individual atoms. Our calculations show that there is a little and uniform electron density of about 0.3 Å −3 (Fig.8a ) between atoms and layers. Electron density is significant around atoms and it decreases with going far from them. The maximum electron density is collected around Sb atoms with a value of 10 Å −3 and subsequently Bi atoms have an electron density of 5 Å −3 around them (Fig.8b) . Considering that electron density around Sb atoms is one time larger than around Bi atoms, it could be said that some spatial separation of electrons and holes may occur in the HS. In other words, most of the electrons exist in the Sb layer and most of the holes dominate the Bi layer. Such separation would decrease the recombinations of photo-generated electrons and holes in solar cells and dramatically increase their efficiency. That phenomenon has also been observed in heterostructures like InSe/Sb, MoS 2 /MoSe 2 , and MoS 2 /ReS 2 [41] [42] [43] .
It can be seen from the ELF (Fig.8c ) that the highest localization is above the upper Sb atoms and subsequently, under the lower Bi atoms. There is no localization in the shortest distance between the upper and the lower layers. Therefore, no chemical covalent bonds exist between the layers and other mechanisms like Van-der Waals's interactions or orbitals hybridization may connect the layers. The lack of localization and the absence of covalent bonds between the layers are also reported in the previous heterostructures like G/Sb, PdTe 2 /Sb [28, 44] as well as Antimonene grown on (111) Ag substrate [45] .
Appying Electric Field and Strain
As mentioned before, our calculations show that the Sb/Bi HS is a semimetal at SOGGA level of theory. Existence of a bandgap in a 2D material would bring hope for designing nanoscale field-effect transistors (FETs). Of the methods for opening a bandgap in non-gap materials are applying an external electric field and/or tensile and compressive strain. For example, Li et al have tunned the bandgap of MoS 2 /Sb heterostructure from 0 to 1.2 eV by applying external electric field [46] . Lu et al have also reported that with applying tensile strain, the bandgap of h-BN/Sb heterostructure increases [26] . Besides, Dong at al. could tune the band gap of As/MX 2 (X = S, Se & M = Mo, W) heterostructures from 0 to 1.5 eV by applying an electric field from -8 to 4 V/nm (with positive direction from As to MX 2 ) and biaxial strain from -10 to 15% [47] . We also applied electric field and biaxial strain to tune the bandgap of Sb/Bi HS. In applying the electric field, we chose the positive direction from Bi to Sb layer and vise versa and applied the electric field from -8 to 8 V/nm (Fig.9b ). We also applied the biaxial strain within the range from -14 to +14% with steps of 2%.
By use of electric field, the GGA bandgap of the HS can be tuned within the range from 146 meV to 168 meV. It increases with the negative electric fields and decreases with the positive ones (Fig.9 ). Also by applying tensile strains, the bandgap encloses immediately and by applying compressive strain, the bandgap reaches to the value of around 76 meV under the strain of -2% and finally encloses under the strain of -4%. Our inves-tigations at SOGGA level of theory shows that the electronic properties of the material are robust against the electric field and strain and can not be tuned trough these methods. Considering the importance of the SOC interactions in this HS, it could be summarised that it is a semimetal in which the CBM and VBM touch the Fermi level. Most of the electrons are collected in the Sb layer and most of the holes rule the Bi layer. The semimetallic properties are robust against applying the electric field and strain and would not change with such external factors.
Mechanical Properties of the Sb/Bi HS
With applying strain, a material resists and stress applies to its surface. As the applied strain increases, the stress gets greater until under a certain critical strain the material cracks and the stress suddenly drops. The more the so-called critical strain would be, the more the material can be stretched or compressed. In addition, the cohesive energy between layers tells about how much the layers tend to be integrated and connected to each other. By considering the stress-strain and cohesive energy-strain relationships, one can find out how much a material can be stretched and/or compressed, and remain stable. Fig.10a shows the stress-strain and cohesive energy-strain curves for the Sb/Bi HS. The stress is 0.28 N/m in the pristine structure and by the increase of tensile strain, it begins to increase slightly. Under the strain of 16%, it reaches to 5.08 N/m and then drops. Therefore, the critical strain and the respective ideal strength are 16% and 5.08 N/m, respectively. Besides, the cohesive energy is -173 meV/atom in the pristine structure, which by the increase of tensile strain exponentially increases and finally reaches to its maximum negative value of -21 meV/atom and then gets positive. The positiveness of the cohesive energy means that the mechanism of formation of the HS becomes endothermic and the connection between the layers would be canceled. Moreover, the phonon dispersion calculations show that the material is still stable under the strain of 14% (Fig.11 ). Intuitively, we predict that under the tensile strain of 10% the Sb and Bi layers separate and under the strain of 16%, the material cracks. With applying compressive strain, the stress descends towards the negative direction and it reaches to -3.67 N/m under the strain of -8%, and after that it suddenly ascends. Therefore, we took the -8% as the critical compressive strain with a corresponding compressive ideal strength of -3.67 N/m. It should be noted that the cohesive energy is negative within this range, that is, the layers are connected to each other. For further investigations about the mechanical properties, we calculated Young's modulus, which is defined by the equa-tions below,
where, and σ are the strain and stress, respectively. According to the equation (4), the more Young's modulus is, the greater the response of the material to the applied strain would be. That is, the material resists more against and has less intention for being stretched or compressed. To calculate Young's modulus, we applied strains within the range of -2% to 2% with steps of 0.5%. The variations of the stress in this range of strain is approximately linear. Furthermore, we fitted the computational data with a linear function (Fig.10b) . By calculating the gradiant of the linear fitted function, we anticipate Young's modulus of 64.3% N/m for the HS. We compared our mechanical results about the HS with other 2D materials including Arsenene, Antimonene, Silicene, Graphene, and Molibdanium disulfide (MoS 2 ) ( Table 3 ). In comparison with group V 2D materials, the critical strain of the HS is bigger than Phosphorene's but smaller than Antimonene's and Arsenene's. Interestingly, Young's modulus of the HS is greater than all of the group V 2D materials' and even than Silicene's. Therefore, although the HS loses its stability in strains longer than 10%, its high Young's modulus do not allow for size change so easily.
Optical Properties of the Sb/Bi HS
The optical properties are described by the complex dielectric function, (ω) = 1 (ω) + i 2 (ω). We first calculated the [55] susceptibility tensor by Kubo-Greenwood formula [56] ,
where π i nm is the i-th component of the dipole matrix between state n and m, V the volume, Γ the broadening, and f the Fermi function. Subsequently, one may calculate the dielectric function by the equation below,
Furthermore, the optical absorption coefficient (α) can be calculated through,
where c is the speed of light. Fig.12 shows the real and imaginary parts of the dielectric function as well as the optical absorption of the Sb/Bi HS. In these calculations, we used the GGA with considerations of the SOC interactions (SOGGA). For the isotropy of the crystalline structure of the HS in the xy-plane, the dielectric functions for linear polarization along x and y direction are similar ( xx = yy ). Therefore we note the optical properties for the parallel (E , along with the x-and y-direction) and perpendicular (E ⊥ , along with the z-direction) polarization regarding the sheet plane.
As can be seen in Fig.12 , the behavior of the HS is different for different polarization. To the best of our knowledge, the negative values of the real part of the dielectric function show a metallic optical properties. As can be seen from Fig. 12a there are negative values for the real part of the dielectric function in the UV spectrum which stands for metallic properties. The beginning of the metallic properties differs in different polarization. The HS begins to be metallic from 3.56 eV (348 nm) in the UV and 2.44 eV (548 nm) in the visible region for the perpendicular and parallel polarization, respectively. The metallic characteristics are also reported for monolayer Antimonene [23, 24] but unlike the Sb/Bi HS, it begins in the UV region, not visible.
Peaks in the imaginary part of the dielectric function are due to absorption of the incident photons and direct transitions of the electrons between bands below and above the Fermi energy [57] . As can be seen from Fig.12b there are two major peaks in the imaginary part of the dielectric function in 1.08 and 3.52 eV, respectively. By analyzing the band structure and precise measuring of the distance between bands below and above the Fermi level in different k points, one can make a relative assessment about how the electron transitions take place. Our analysis shows that these transitions for perpendicular and parallel polarization take place at the Γ point, where is the only point which the energy difference between some conduction and valance bands are exactly equal to transition energies (Fig.13 ). Direct electron transitions are also reported for the monolayer Antimonene in 3.4, 4.7, 5.9, 6.9, and 8.0 eV at different k points [23] . Fig.12c shows the absorption coefficient for the Sb/Bi HS. In the infrared region, the absorption is not so much, but it is a bit more than the monolayer Antimonene [23] . Therefore, compared with the monolayer Antimonene, the HS absorbs more heat. The parallel and perpendicular polarization are absorbed deeper in the visible and UV regions, respectively. The maximum of the absorption is about 8 × 10 7 for photon energy of ∼4 eV (310 nm) in the UV region. Our investigations show that the absorption in the visible region for the HS is sort of 4 times greater than the monolayer Antimonene, in which it is reported neglectable [24] . Such increase in the absorption in the visible region is also reported in Sb/GaAs heterostructure [58] .
In general, the dependence of reflectance and absorption on the polarization of the incident light, along with the increase of absorption of perpendicular polarization in the visible region can improve the applications of the Sb/Bi HS in beam splitters and nano-scale mirrors compared with the monolayer Antimonene.
Conclusion
In summary, we systematically calculated the structural, electronic, mechanical, and optical properties of the Sb/Bi heterostructure using the first principle density functional theory. Our investigations show that this heterostructure is theoretically stable and possible, and the ABi model is the most stable stacking. Its semimetallic electronic characteristics are robust against external factors such as electric field and mechanical strain. The Sb/Bi heterostructure is mechanically a stiff material with Young's modulus of 64.3 N/m which is larger than all known group V monolayers' and even than Silicene's. The optical properties of the HS are dependant on the polarization of the incident light. It begins to be metallic in the visible and UV region for parallel and perpendicular polarization, respectively. In comparison with monolayer Antimonene, the absorption of the perpendicular polarization in the visible region is improved. The heterostructure has a good optical absorption and reflectance in the visible and UV region. In addition, the polarization of the incident light makes significant difference in the optical propertie. Therefore we predict its potential applications in beam splitters and nano-scale mirrors.
